Abstract. The performance of four contemporary formulations describing trophic transfer, 
Introduction

32
Zooplankton are key players in the biogeochemical cycling of carbon and nutrients in 33 marine ecosystems, especially in their roles in linking primary producers to higher trophic Parameterising zooplankton in models is however far from straightforward (Carlotti and 37 Poggiale, 2010). Quantifying prey selectivity and ingestion is an important starting point 38 given the role of zooplankton in top-down control of biomass stocks and so the functional 39 response has received considerable attention (Gentleman et al., 2003; Mitra and Flynn, 2006) .
40
Once ingested, food items are used for growth, with associated losses via faecal material and 41 respiration/excretion. The role of food quality in trophic transfer provides an additional considerable variation in the assumptions underpinning the chosen transfer schemes (section 100 2) and, as a consequence, in the resulting predictions of transfer to higher trophic levels and 101 carbon export (sections 3, 4). Our aim is to highlight these differences and discuss them in 
Trophic transfer schemes
107
The metabolic budget of organisms, including different anabolic and metabolic 108 requirements and how these are met from available substrates, needs to be taken into 109 consideration when constructing trophic transfer formulations for use in ecosystem models. basal metabolism, taking priority over other functions including growth. We considered 120 including these formulations in the analysis here but, due to the radically different way that 121 basal metabolism is represented, chose not to do so because it is difficult to achieve a fair 122 comparison. Also, none of the four constructs used here consider the more complex issues of 123 food quality and quantity discussed by Mitra and Flynn (2005, 2007) and Flynn (2009) . θ Z , of 5.5 (Gismervik, 1997) was set in each case, whereas food C:N, θ f , was allowed to vary.
134
Two changes to the published parameterisations were then made. First, excluding material 135 voided as stoichiometric excess, all formulations were assigned a fixed absorption efficiency 136 (AE) for N of 0.7 (e.g., Palmer and Totterdell, 2001, Blackford et al., 2004) . Note that 137 absorption efficiency is more commonly, but incorrectly, known as assimilation efficiency
138
(assimilation is anabolism, the incorporation of absorbed digestive products into organismal 139 tissue: Penry, 1998) . For simplicity, carbon absorption efficiency was also set to 0.7, 140 otherwise additional rules would be required in some cases in order to deal with the 141 imbalance. Second, with a C:N ratio of 6.625 (the Redfield ratio) for θ f , parameter values 142 were adjusted to achieve a gross growth efficiency (GGE) for N of 0.5, which is close to the Yool et al., (2011) . In order to achieve GGE for N of 0.5 (for θ f = 6.625), 159 maximum zooplankton net production efficiency for C was increased from 0.3 to 0.593.
160
ERSEM. Unlike AH95, losses to faecal material are not deducted prior to calculating growth.
161
The ideal θ f equals the body composition of the consumer such that C limits if θ f < θ Z and N 162 limits if θ f > θ Z . The limiting element is used with a fixed gross growth efficiency, K, of 0.5.
163
Fraction 1-K is allocated according to parameters eu (0.9) and pdom (0.333), with 1-eu as HadOCC. As for ERSEM, the ideal θ f equals θ Z . The limiting element is used with K = 0.7 172 with the remainder, 1-K, potentially allocated to detritus although there is a complication in 
186
It is worth noting that it was by no means trivial to set up the trophic transfer schemes by 187 reading the published literature. In some instances, we contacted the original authors to 188 ensure that our interpretation of their equations was correct. For the interested reader, we 189 have put together an Excel spreadsheet in which each of the four formulations is set up in 190 turn. This is available on request from the first author.
191
The predicted allocation of N and C between growth, excretion/respiration and faecal identical predictions for GGEs for both N and C because they each assume that optimum θ f
195
(the TER) equals θ Z and then use a fixed GGE (0.5) for the limiting nutrient. Thus, N GGE is 196 0.5 for θ f ≥ 5.5 (N limitation), whereas it reaches a value of 0.7 for θ f ≥ 9.27 in AH95 (the The patterns for allocation of C to respiration and faecal pellets are even more disparate. The same trend is seen with the AH95 formulation, although it is slightly elevated relative to 218 the data. In the case of N, the constant N GGE of 0.5 (except at low θ f ) predicted by the 219 ERSEM formulation lies slightly above the data, but is not unreasonable. The AH95 220 formulation, in contrast, predicts considerably higher N GGE. It would be harsh, however, to 221 hastily condemn this model-data mismatch because it is hard to explain the low and more or production (nitrate uptake) by phytoplankton (P), P n , against which subsequent flows within 245 the food web are normalised. Carbon uptake associated with new production is θ P P n . New exported from the euphotic zone necessarily equals P n .
258
Grazing usually dominates phytoplankton losses in marine ecosystems (Banse, 1994) 259 although other factors such as viral lysis may sometimes be important (Bratbak et al., 1990 ; 
286
An advantage of using a simple linear approach to parameterisation is that it is 287 straightforward to provide equations that describe the steady state solution of the model.
288
Production by herbivores, G H , is:
290
The associated export flux via D 1 , Ex D1(N) , needs to take into consideration the fraction of 291 phytoplankton lost to non-grazing mortality, 1-γ, and the fact that only fraction ζ 1 of D 1 292 produced is exported:
The equivalent terms for production of carnivores and associated export via D 2 , G Z and
295
Ex D2(N) , are calculated on the basis that carnivores are ordered into an infinite chain:
Corresponding terms for export of C, Ex D1(C) and Ex D2(C) , are:
304
All that remains is to calculate regenerated production, P r . The fate of nitrogen (nitrate or 305 ammonium) consumed in primary production is either to be exported and lost from the 306 system, or recycled to the ammonium pool from where it starts its journey round the food 307 web again. The probability of the latter, p A , is:
309
Replacing the terms in the above equation with those in Eqs. (1), (2) and (4), and rearranging,
310
gives:
312 P r is then calculated by taking into account repeated recycling of N by the food web: external N input to the system (i.e., P n =1). Primary production drives the food web and, new 328 and regenerated production summed together, reaches 4 to 6 and is thus dominated by P r ( 6% and 60% respectively at high θ P ). Of the detritus produced, approx. 45% is from non-336 grazing phytoplankton mortality, with the remainder as faecal pellets. The variation seen in 337 total primary production is mainly due to the excretion term such that the ERSEM and Pah08 338 model versions predict the highest primary production at high θ P because these two 339 formulations exhibit significant excretion even when N is limiting production (Fig. 2a) . All 340 15 models show increasing primary production when herbivores are limited by C (low θ P , less 341 than the TER) as herbivores excrete the non-limiting element, N, which is in excess.
342
Herbivore production, which depends jointly on N GGE and total primary production (Eq. 343 1), shows considerable variation between the different model versions (Fig. 5b) . It increases 344 with increasing θ P under C-limiting conditions (θ P < TER) as N is progressively used with 345 greater efficiency and excretion of excess N diminishes. At high θ P , the greatest N GGE is 346 associated with the AH95 trophic transfer formulation (Fig. 2a) , giving rise to the highest 347 predicted G H of 1.72. In contrast, herbivore production is only 1.10 when using the HadOCC 348 model version, lower than 1.34 for ERSEM and Pah08, but not because of lower N GGE
349
(these three trophic transfer formulations give rise to the same N GGE: Fig. 2a ), but rather 350 because it has the lowest primary production (Fig. 5a ). In the case of carnivores, there is no 
355
As for secondary production, large differences in predicted export are seen when using the 356 different trophic transfer formulations. Total carbon export, and its variation with θ P , is 357 dominated by the slow-sinking fraction (Fig. 5d, f elements (e.g., Mayor et al., 2011), then C export will exceed that fixed in new production,
369
θ P P n . The C:N ratio of exported detritus does indeed exceed that of phytoplankton in the 370 model predictions derived using the ERSEM trophic transfer formulation (except for θ P = 5.5,
371
when the two are equal) due to allocation of excess C to faecal pellets. It is perhaps more 372 surprising that, at high θ P , the C:N ratio of export is lower than θ P when using the AH95 and
373
HadOCC trophic transfer formulations, a result of excess C being respired to CO 2 . The C:N 374 of particulate organic matter is remarkably constant in the marine systems (Chen et al, 1996) ,
close to the Redfield ratio. If excess C in phytoplankton is respired to CO 2 this may, to some 376 extent, buffer the system against variability in phytoplankton C:N.
377
Although fast-sinking detritus represents only a minor fraction of the total export,
378
parameterising it accurately in models is important because it reaches great depths. Unlike 379 D 1 , the C:N ratio of this fraction is not directly related to θ P but is instead proportional to 380 herbivore production, G H (Fig. 5e ). It therefore shows the same trends as G Z versus θ P (Fig.   381 5c), although inverted in terms of magnitude (HadOCC highest, ERSEM lowest). Thus, maintaining proportionality in prey preference parameters for remaining prey items (Fig. 6 ). 
433
Running a global biogeochemical GCM is a computationally intensive exercise and so,
434
whereas model solutions for a wide range of phytoplankton C:N ratios were investigated with 435 the steady-state model, the 3D study investigated only θ P = 6.625 (the Redfield ratio).
436
Microzooplankton feed solely on phytoplankton in the model and are therefore exposed only is driven by N and so it is the difference in N allocation schemes ( Fig. 2a ; values for θ f = 5.5,
440
6.625 listed in Table 1 ) that is significant for simulated ecosystem dynamics. In this regard, 
445
Points to note from Table 1 Sea-ice is simulated using the LIM2 sea-ice submodel, coupled to the ocean every 5 ocean 
Results
472
Results as presented are averages of the last four years of each of the three simulations 473 (Fig. 7) . For completeness, we also compare with biogeochemical fields predicted by that their simulated patterns of nutrients and productivity were consistent with observations,
476
including major features such as the oligotrophic gyres and plankton blooms at high latitudes.
477
The new base run, using the reparameterised AH95 trophic transfer scheme (lower GGE), 478 gave rise to qualitatively similar patterns of biogeochemical tracers as in Yool et al (2011) .
479
Quantitatively, primary production of 52.7 Gt C yr -1 is 15% higher in the new run due to shows decreases in the ERSEM simulation similar to that of primary production (Fig. 7c) .
499
The ZP:PP ratio remained at about 0.3 for each of the runs of the model. The predicted 500 pattern of zooplankton biomass (Fig. 7d) is, however, more complicated. Microzooplankton 501 account for approx. 60% of total grazing in each of the simulations and thus declining overall 502 zooplankton biomass is largely due to the impact of primary production on this group.
503
Mesozooplankton are compensated by having higher N GGE in ERSEM (relative to AH95) 504 because they consume a mixed diet that includes microzooplankton (Table 1) which led to 505 their biomass, and that of total zooplankton, increasing in some areas such as the Equatorial
506
Pacific. Predicted export was 10% lower in the ERSEM simulation due to lower primary 507 production, representing a weakened biological pump (Fig. 7e ). The HadOCC model run 508 exhibited the lowest primary production (16% less than for AH95, with a similar change,
509
17% in the steady state model) as nutrient generation by zooplankton is only 6-13% of intake 510 (Table 1) , with associated decreases in zooplankton production and stocks of phytoplankton 511 and zooplankton (Fig. 7a-d) . The most interesting result is seen in the global distribution of 
Discussion
520
When it comes to ecosystem modelling, it may be that even small changes in mathematical production, transfer to higher trophic levels and export, in both the steady state and 3D 533 models.
534
At the outset, we should point out that our main priority is not to try and say which of the 
Ecosystem dynamics and export
551
The predicted magnitude of regenerated production, and therefore primary production in 552 total, varied between trophic transfer formulations depending on the extent to which N was 553 regenerated by zooplankton excretion and so was highest for ERSEM and Pah08. Substantial 554 errors may often occur in predicting primary production in GCMs, especially the gross 555 underestimation seen in the oligotrophic subtropical gyres (Oschlies et al., 2000) . One way to 556 improve the match with data is to include an implicit microbial loop via a rapid recycling 557 pathway from phytoplankton directly to inorganic nutrient (Doney et al., 1996) allowing 558 primary production to be increased "by almost any factor desired" (Oschlies, 2001) . Although 559 such extreme variation was not the case here, predicted primary production did vary by as 560 much as 10% in the 3D model depending on choice of trophic transfer scheme.
561
Predicted zooplankton production (ZP) is, unsurprisingly, sensitive to N GGE and how it 562 is parameterised. An interesting statistic, not often mentioned in modelling studies, is the 563 ratio of zooplankton production to primary production, ZP:PP (usually expressed in C units).
564
For θ P = 6.625, predicted ZP:PP (for C) in the steady state model was 0.31 for the AH95 
577
Although herbivore growth was directly impacted by food quality, these zooplankton 578 prevented variability associated with phytoplankton C:N propagating up the food web in the 579 model because they are assumed to be homeostatic with respect to their body composition.
580
Theoretically, secondary consumers and higher trophic levels may thus be expected to be 
590
Export via sinking detritus also showed significant variation, depending on the choice of 591 trophic transfer formulation. Differences were minimal at low phytoplankton C:N, e.g. the
592
Redfield ratio of 6.625, in the steady state model. At high θ P , however, carbon export was as 593 much as 50% higher when using the ERSEM and Pah08 formulations because these allocate experimental ecology and stoichiometric theory, it remains to be comprehensively answered.
619
There is now a greater appreciation of the roles of many factors in zooplankton nutrition and provided for the various assumptions that were made.
667
The fact that the assumptions in the four trophic transfer schemes were so disparate 668 suggests a lack of consensus within the scientific community as to how trophic transfer is to 669 be modelled. The implication is that more information is needed on the nutritional factors 670 controlling growth efficiency in consumers, stoichiometric regulation of homoeostasis (e.g., 
675
On the other hand, it is easy for modellers to deflect attention from model deficiencies by 676 pointing to insufficient information or understanding on key processes or organisms. due attention, then it may be that our models are like "castles built on sand" (Flynn, 2005 Acartia tonsa feeding on the diatom Thalassiosira weissflogii (Kiørboe, 1989) . C:N of export (given that P n =1, this equals total export, Ex D1(C) +Ex D2(C) ). 
